Abstract The major histocompatibilty complex (MHC) has become increasingly important in the study of the immunocapabilities of non-model vertebrates due to its direct involvement in the immune response. The characterization of MHC class I loci in the lark sparrow (Chondestes grammacus) revealed multiple MHC class I loci with elevated genetic diversity at exon 3, evidence of differential selection between the peptide binding region (PBR) and non-PBR, and the presence of multiple pseudogenes with limited divergence. The minimum number of functional MHC class I loci was estimated at four. Sequence analysis revealed d N /d S ratios significantly less than one at non-PBR sites, indicative of negative selection, whereas PBR sites associated with antigen recognition showed ratios greater than 1 but non-significant. GenBank surveys and phylogenetic analyses of previously reported avian MHC class I sequences revealed variable signatures of evolutionary processes acting upon this gene family, including gene duplication and potential concerted evolution. An increase in the number of class I loci across species coincided with an increase in pseudogene prevalence, revealing the importance of gene duplication in the expansion of multigene families and the creation of pseudogenes.
Introduction
The major histocompatibility complex (MHC) is a multigene family that codes for diverse proteins directly involved in the immune response of vertebrates. These genes are among the most polymorphic genes studied (Parham and Ohta 1996) , with a remarkable degree of gene duplication and divergence, characteristics reflective of their essential function in combating infectious diseases and parasites. Protein products of the MHC have varying functions within the immune response, but possibly the most commonly studied are the cell surface receptors produced by the MHC class I and class II loci. These molecules bind to fragments of foreign peptides (usually derived from viral, bacterial and parasitic proteins), present them on the surface of cells to be recognized by T-cells and thus initiate the appropriate immune response (Abbas et al. 1994; Vyas et al. 2008) . While the structure of the MHC has a remarkable degree of diversity across vertebrate taxa, this function remains conserved. This diversity of structure, as well as overall high genetic polymorphism in relation to the immune response, has been studied in a variety of research fields, including disease (Langefors et al. 2001; Hedrick 2002; Westerdahl 2007) , mate choice (Paterson and Pemberton 1997; Landry et al. 2001; Knafler et al. 2012) , genomics (Kulski et al. 2002; Kelley et al. 2005) , and gene evolution (Nei et al. 1997) .
Elevated genetic diversity at MHC loci is maintained by natural selection favoring sequence variation (Klein 1986; Hughes and Yeager 1998) . Perhaps the most measurable evolutionary effect is positive selection, which occurs when changes in a nucleotide sequence lead to an increased fitness advantage. In MHC, positive selection is most evident at the so-called peptide binding region (PBR) of the cell surface receptor. At this location of the protein, certain amino acids bind to foreign peptides with a relatively high degree of specificity. As a consequence, a set of amino acids at the PBR may bind to and recognize only a handful of peptides that may not be recognized by a similar, yet different, set of PBR amino acids. This characteristic creates a selective advantage for PBR diversity, a trait that would allow an individual the potential to overcome a wide range of pathogen pressures (Hughes and Yeager 1998; Trowsdale and Parham 2004) . Positive selection at the MHC is evidenced by increased nucleotide diversity at the PBR codons, which results in a relatively high rate of nonsynonymous amino acid changes within the mature protein (Hughes and Nei 1988) .
At the population level, MHC polymorphisms may also result from balancing selection, fueled by the evolutionary ''arms-race'' between the vertebrate immune system and pathogens (Edwards and Hedrick 1998; Takahata and Nei 1990) . Balancing selection at the MHC is believed to occur specifically by the processes of overdominance (heterozygote-advantage; Penn et al. 2002) and frequency-dependent selection (Borghans et al. 2004) , which may influence the spectrum of allele diversity through mechanisms such as condition-dependent mate choice and spatiotemporal pathogen dynamics.
Detailed studies of the MHC in humans (human leukocyte antigen, HLA) have provided the basis for investigations of different aspects of the MHC in multiple nonmodel vertebrate species [e.g., bison, Babik et al. (2012) ; tuataras, Miller et al. (2010) ; iguanas, Glaberman et al. (2008) ; salmon, Garrigan and Hedrick (2001) ; and frogs, Kiemnec-Tyburczy et al. (2012) ]. These studies revealed a diverse organization, gene orientation, and gene duplication of MHC class I loci, generating varying hypotheses as to how diversity among these genes is maintained or lost. Avian species have been found to exhibit a broad range of this diversity and thus provide a very intriguing example of the evolutionary history of the MHC. The MHC of the domestic chicken (Gallus gallus) has been thoroughly characterized over the past few decades (Kaufman et al. 1995; Shiina et al. 2004 Shiina et al. , 2007 Hee et al. 2010) . In this species, the MHC is extremely simplified and compact compared to that of other vertebrates. As such, it has been characterized as the ''minimal essential'' MHC (Kaufman et al. 1995) . Codons that specify the PBR region have been previously identified in both humans and the chicken (Björkman et al. 1987; Kaufman et al. 1995) . Indeed, we now have detailed sequences of MHC class I loci of many avian species, including game birds (e.g., Shiina et al. 2007; Chaves et al. 2009 ), waterfowl (e.g., Moon et al. 2005) , raptors (Alcaide et al. 2009; Gangoso et al. 2012) , and songbirds (e.g., Westerdahl et al. 2004; Balakrishnan et al. 2010; Wutzler et al. 2012 ). Significant variation in the structural organization of the MHC from multiple avian families has led to major insights on the potential mechanisms driving MHC evolution within birds (Hess and Edwards 2002) .
The lark sparrow (Chondestes grammacus) represents a passerine species with documented populations of reduced size subjected to extensive pathogen pressures (Swanson et al. 2014) . While denser breeding populations exist mainly in the Central Plains of North America and California (Baepler 1968; Martin and Parrish 2000) , the lark sparrow is classified as a state endangered bird in Ohio (Ohio Department of Natural Resources 2012) because of a declining breeding population over recent decades caused by decreases in suitable habitat (Martin and Parrish 2000) . Furthermore, such destruction of habitat has been found to be a potential cause of increases in disease prevalence (Lachish et al. 2011) . Previous studies of avian malaria within lark sparrow populations have revealed relatively high infection rates across its range. For example, our lab has detected greater than 80 % infection rates across populations of this species, which contrasts with estimates from other passerines, ranging from 11 % in the blue-winged warbler, Vermivora pinus, to 58 % in the yellow-breasted chat, Icteria virens (Ricklefs et al. 2005; Swanson et al. 2014) . With a diversity of parasite strains causing such common infections, avian malaria may act as an important selection pressure on MHC diversity. Characterization of the lark sparrow MHC provides, therefore, the potential to expand our current knowledge on the evolutionary processes influencing this extensive gene family.
The goal of this study is to provide a molecular characterization of the MHC class I antigen-presenting genes of the lark sparrow to estimate the minimum number of class I loci, individual alleles, and the potential presence of pseudogenes in this species. DNA sequences of the exon 3 region of MHC class I loci were targeted by PCR and gene cloning techniques, which allowed for estimates of genetic diversity and assessment of past selective pressures. A phylogenetic analysis of characterized MHC gene sequences provided some insights into the evolutionary relationships among MHC loci. As commonly found in other avian species, it is hypothesized that levels of variation in the MHC class I antigen-presenting genes of the lark sparrow are adaptive in relation to pathogen pressures. Elevated levels of genetic diversity within loci, sequence divergence between functional loci, and a ratio of nonsynonymous to synonymous nucleotide substitution rates (d N /d S ) greater than one would provide evidence of positive selection in relation to the immune function of these genes. On the other hand, d N /d S ratios less than one may indicate negative (purifying) selection associated with functional constraints of antigen-presenting proteins.
In addition to the characterization of lark sparrow MHC genes, we performed a GenBank survey of available MHC class I sequences from previously studied avian species to compare the estimated minimum number of loci and the extent of MHC class I pseudogene prevalence in avian genomes. Results from this study provide insights into the evolutionary processes driving avian MHC diversity, an essential aspect for further studies on avian MHC evolution.
Materials and methods

Sampling
The genetic characterization of MHC class I loci of the lark sparrow was based on the analysis of four adult lark sparrows collected from two populations: two individual birds from the Oak Openings region in northwest Ohio (OH) and two from central Texas (TX). Although the characterization of multigene families is commonly based on the isolation of genes from a single reference individual, we included four individuals from a broad geographic range to avoid potential PCR bias from individual samples (Burri et al. 2014) . Individual birds were captured by mistnetting. Blood samples were drawn from the ulnar vein using a heparinized capillary tube and stored at 4°C in Longmire's lysis buffer (100 mM Tris, 100 mM EDTA, 10 mM NaCl, 0.5 % SDS; Longmire et al. 1986 ). Standard DNA extractions were completed by proteinase-K digestion, sodium acetate protein precipitation, and subsequent ethanol precipitation of DNA (Sambrook et al. 1989) . DNA was resuspended in sterile water at a concentration of 30 ng/ll for genetic analysis.
DNA sequencing
Polymerase chain reaction (PCR) was conducted using primers designed for the amplification of MHC class I genes of the great reed warbler (Acrocephalus arundinaceus). Primers HN34 (5 0 -CCA TGG GTG TCT GTG GGT A-3 0 ) and HN45 (5 0 -CCA TGG AAT TCC CAC AGG AA-3 0 ) correspond to DNA regions located in the flanking introns of exon 3, the coding region that constitutes half of the peptide binding site in mature MHC molecules (subunit a2) (Bonneaud et al. 2004; Westerdahl et al. 2004; Promerová et al. 2009 ). Selection of these primers was based on their reported amplification of MHC class I genes in other passerine species and their positive amplification of lark sparrow sequences. PCR amplifications were carried out in 20 ll volumes containing 1 ll extracted DNA, 2.0 mM MgCl 2 , 0.5 lM of each primer, 150 lM of each dNTP, 1X Promega GoTaq Buffer, and 1 unit of Promega GoTaq DNA Polymerase (Promega; Madison, Wisconsin). Samples were amplified using a MJ Research Thermal Cycler (MJ Research; Waltham, Massachusetts) with a thermal profile of 25-30 cycles at 94°C for 30 s, 63°C for 30 s, and 72°C for 30 s. Positive amplifications were visualized under UV light by 1 % agarose gel electrophoresis with ethidium bromide staining. Each individual was subjected to multiple PCRs to rule out the possibility of PCR artifacts (e.g., chimeric sequences). Furthermore, based on preliminary sequences from the lark sparrow, an additional forward primer [HN34-2 (5 0 -CAT GGG TCT CTG TGG GTA CAA T-3 0 )] was designed to increase specificity of amplifications, incorporating sequence information from this species at the 3 0 end. Amplifications with primers HN34-2 and HN45 were performed following the previously described PCR protocol.
PCR products, from two to three independent PCR reactions per individual, were cloned into competent E. coli cells following manufacturers' directions using Invitrogen TOPO TA (Life Technologies; Carlsbad, California) and Promega pGEM-T Easy (Promega; Madison, Wisconsin) kits. Clones were sequenced by the University of Chicago Comprehensive Cancer Center's DNA Sequencing and Genotyping Facility by cycle sequencing reactions using fluorescent dye terminators and standard vector sequencing primers. Each clone was sequenced at least twice to confirm the validity of the resulting sequence. Ten to 44 clones per individual were prepared and sequenced to estimate the minimum number of MHC class I loci (for a total of 103 clones). As expected, the probability of identifying alleles from multiple loci, as well as detecting related pseudogenes, increases with an increase in the number of clones sequenced per individual. Along with the attempt to verify true sequences by performing multiple PCRs, DNA sequences were only included in the characterization of lark sparrow MHC if the sequence was either identified by more than one clone or differed by at least two base pairs from all sequences found in an individual. This was a conservative strategy to control for the possibility of Taq polymerase or DNA sequencing errors. Similar criteria have been used in Bonneaud et al. (2004) .
Data analyses
Initial editing and organization of sequence files were completed with BioEdit (Hall 1999) . Sequences were aligned using CLUSTAL X (Larkin et al. 2007 ) and unique haplotypes (i.e., individual alleles or pseudogenes) were named according to standardized nomenclature proposed by Klein et al. (1990) . Each haplotype will hereafter be referred to as Chgr0## (C. grammacus [haplotype number]) (see Supplementary Material, Table S1 for a complete list of lark sparrow haplotypes reported in this study).
DNA sequences were confirmed to be the intended target by use of NCBI BLAST (Altschul et al. 1990 ) indicating close identity to previously published MHC class I exon 3 sequences of closely related passerine species. Exon 3 and introns 2 and 3 were assigned based upon published avian MHC class I sequences. Codons were translated using MEGA 5 (Tamura et al. 2011 ) and assignment of the PBR was based upon inferred passerine PBR sequences (Alcaide et al. 2009; Balakrishnan et al. 2010; Alcaide et al. 2013 ) on the basis of its homology with the HLA (Björkman et al. 1987 ) and chicken MHC (Kaufman et al. 1995; Hee et al. 2010) . Sequences indicating the presence of at least one stop codon (due to changes in reading frame from indels or nonsense sequences) were classified as pseudogenes. Based upon sequences found to be translatable, a minimum number of functional MHC class I loci was estimated with the conservative assumption that all loci from an individual were in a heterozygote state.
DnaSP (Librado and Rozas 2009 ) was used to identify haplotypes and estimate measures of genetic diversity (nucleotide diversity, number of nucleotide differences, and number of polymorphic sites). Overall estimates of nonsynonymous (d N ) and synonymous (d S ) base pair substitution rates of functional alleles were calculated using MEGA 5. Along with an overall estimate for exon 3, ratios of d N to d S (x) of the PBR and non-PBR codons comprising exon 3 were calculated separately. Codon-based signatures of positive selection were assessed through the program HyPhy , implemented in MEGA v. 6 (Tamura et al. 2013) , and using a General Time Reversible (GTR) evolutionary model (Nei and Kumar 2000) . Significance of d N /d S ratios from 1 was estimated through a codon based Z test Tamura et al. 2011) .
Database survey of avian MHC class I genes
In order to compare MHC class I sequences across avian orders and families, a survey of GenBank (Benson et al. 2005 ) was performed on March 17, 2015 with the criteria of class Aves, MHC class I, exon 3, and/or a2. Species with reported sequences were recorded and published articles were surveyed for further information with regards to estimates of the number of functional MHC class I loci and the presence of pseudogenes characterized within each species (see Supplemental Material, Table S2 ). Representative MHC class I sequences and putative pseudogenes were downloaded based upon published information. A multiple sequence alignment of representative avian nucleotide sequences and lark sparrow sequences reported in this study was performed using CLUSTAL X (Larkin et al. 2007 ).
Phylogenetic analyses
Two phylogenies (one for the lark sparrow MHC class I sequences and one for representative MHC class I sequences from avian species plus lark sparrow sequences) were reconstructed using both maximum likelihood and Bayesian inference methods. To identify the best-fit nucleotide substitution model for the lark sparrow MHC class I sequence data, the program jModelTest, v. 2.1.7 (Darriba et al. 2012 ) was implemented using corrected Akaike Information Criterion (AICc). Hierarchical likelihood ratio tests ascertained that the General Time Reversible substitution model with gamma-distributed rate variation across sites (GTR ? G) and a proportion of invariable sites exhibited the smallest AICc. Multiple sequence alignments were then imported into MEGA 5 or MrBayes v. 3.0 (Ronquist and Huelsenbeck 2003) for implementation of maximum likelihood and Bayesian algorithms for phylogenetic inferences, respectively.
Maximum likelihood phylogenies were generated using a General Time Reversible (GTR) model, with branch support determined through 1000 bootstrap replications. Bayesian phylogenies were derived with MrBayes using a Bayesian Metropolis-coupled Markov Chain Monte Carlo Method (Ronquist and Huelsenbeck 2003) and the GTR ? G substitution model. Bayesian analyses were implemented over 550,000 generations with four runs and six chains to reach convergence. Convergence was calculated every 1000 generations to ascertain when log likelihood values reached a stationary phase. That is, the average standard deviation of split frequencies was less than 0.08 for the avian phylogeny and less than 0.02 for the phylogeny of lark sparrow sequences. Phylogenies based on maximum likelihood and Bayesian inference produced congruent results; therefore, we only report the Bayesian phylogenies with assigned posterior probabilities, but included bootstrap values associated with the maximum likelihood analysis.
The phylogeny of lark sparrow MHC class I sequences included all pseudogenes and functional alleles reported in this study spanning the entirety of exon 3 and partial sequences of flanking introns (see Supplementary Material, Figure S1 ). Phylogenetic analysis of avian MHC class I included representative MHC class I sequences downloaded from GenBank and all lark sparrow MHC class I sequences characterized in this study. Due to the limited sequence data of many species' MHC class I exon 3, only a partial sequence of 235 base pairs was analyzed in the overall avian phylogeny. A total of 96 avian MHC class I sequences were included in the alignment (Supplementary Material, Figure S2) . A published Galápagos marine iguana (Amblyrhynchus cristatus) MHC class I sequence (Glaberman et al. 2008 ; GenBank accession EU839664) was included as the outgroup to determine accurate placement of the root for the inferred tree. The phylogeny included all species with clearly defined loci based upon extensive gene mapping, with reported locus names following the species name. The choice of alleles included for each species did not affect the outcome of the results, as selection of different alleles resulted in similar phylogenetic groupings.
Results
Lark sparrow MHC class I characterization
A total of 103 sequences (spanning MHC class I exon 3 and including partial sequences of flanking introns 2 and 3) were analyzed from four adult lark sparrows. Sequences varied between 386 and 629 base pairs in length, with the majority being 427 base pairs long. The increased length of some sequences appeared to be due to a variable annealing site of the reverse primer within intron 3. For analytical reasons, residues extending into intron 3 were removed along with forward and reverse primer sequences. The multiple sequence alignment of all lark sparrow haplotypes was 393 bp long. Analyses of the DNA alignment revealed a total of 21 lark sparrow MHC class I haplotypes/alleles (GenBank accession numbers: KF803763-KF803783; Supplementary Material, Table S1 ). Each sequence was confirmed to exhibit high levels of similarity (85-92 %) with previously reported passerine MHC class I sequences based upon individual BLAST results. Sampling effort per individual (based on the number of clones sequenced per individual) ranged from ten to 44 clones and resulted in a range of two to nine MHC sequences per individual (Table 1) .
Sequence reading frames of exon 3 regions were translated using MEGA 5. Of the 21 sequences, ten were found to be non-translatable by changes in reading frame due to indels and/or the presence of stop codons. These sequences were thus considered to be pseudogenes. The number of pseudogenes identified within the four individuals ranged between two and five ( Table 1) and two of the ten pseudogene sequences were found to be identical in two individuals. We cannot discard the possibility that some of the identified pseudogene sequences may be the result of PCR artifacts, as such events would more often result in nonfunctional sequences. The remaining 11 functional exon 3 sequences were 273-276 bp DNA sequences that translated into 91-92 amino acids in length, respectively, with 14 of these codons representing the putative peptide binding region (PBR). Interestingly, one of the PBR codons (nucleotide positions 193-195) was not present in the majority of the lark sparrow MHC class I sequences recovered, including all pseudogene sequences (see Supplementary Material, Figure S1 ). Only three functional haplotypes (alleles Chgr033, Chgr036, and Chgr039) exhibited nucleotides representing this specific PBR codon. For one individual (OH043), seven translatable exon 3 sequences were characterized, indicating that there must be a minimum of four presumably functional MHC class I loci within the lark sparrow genome. Translatable sequences representing MHC class I alleles from the three remaining individuals ranged between zero and two ( Table 1) . Each of the 11 translatable sequences was unique to an individual; that is, no two individuals were found to share identical alleles. However, some resulting protein sequences were found to be identical within an individual (OH043; one pair) and between two individuals (OH043 and TX01; one pair) due to the redundancy of the genetic code.
In order to identify signals of selection on lark sparrow MHC class I genes, sequences were pooled together for analysis (Table 2) . Overall, genetic diversity estimates were found to be elevated (nucleotide diversity p = 0.126, average number of nucleotide differences k = 48.1; n = 21) when analyzing all sequences with the exon and introns included. As expected, estimates of genetic diversity were found to be considerably different between exon and intron regions, with elevated diversity estimates for the exon region (p = 0.140 vs. p = 0.091). Further differences Figure S3 ). Estimates of nucleotide diversity at the PBR and non-PBR regions also differed significantly, with p values of 0.284 and 0.085 for the PBR and non-PBR, respectively. Analysis of the phylogenetic relationships of lark sparrow MHC class I sequences revealed limited divergence among most pseudogene sequences in comparison to the divergence between functional sequences, as indicated by measures of genetic diversity within the two groups of sequences (Fig. 1) . All ten characterized pseudogenes formed a monophyletic group with Bayesian posterior probabilities of 95 %. The 11 characterized MHC class I functional alleles formed at least three clusters (Chgr017-018-026; Chgr003-012; Chgr019-033-036-039) supported by high posterior probabilities (95-99 %; Fig. 1 ). These clusters contained no more than two alleles found in a single individual, as expected if these groups would represent individual loci. The two remaining allele sequences represented parapatric branches to two of the allele clusters.
Avian MHC evolution
GenBank searches of avian MHC class I exon 3 DNA sequences revealed over 1000 sequences reported from 54 species representing ten of the 29 extant avian orders. Each order was represented by one to 26 species, with Passeriformes being the most represented group. Based upon findings from the published studies reporting the MHC class I sequences, a minimum number of functional loci and pseudogene presence were determined for each species, when possible. Results are summarized in Table S2 (Supplementary Material), with specific references associated with each study. MHC studies have provided the most detailed information thus far within the Galliformes. Two MHC class I loci (BF1 and BF2) were originally identified in the chicken (G. gallus, Shiina et al. 2007 ) and similar organization of the gene family with two class I loci was found in the turkey (Meleagris gallopavo, Chaves et al. 2009 ), the black grouse (Tetrao tetrix, Wang et al. 2012) , and the golden pheasant (Chrysolophus pictus, Ye et al. 2012) . Interestingly, characterization of the greater prairie chicken (Tympanuchus cupido) revealed only one class I locus (Eimes et al. 2013 ) and the Japanese quail (Coturnix japonica) was found to have four loci, apparently the result of gene duplications (Shiina et al. 2004 ). Furthermore, three pseudogene loci were also identified within the Japanese quail MHC (Shiina et al. 2004 ). Three pseudogene loci (named UBA, UCA, and UEA) have also been identified in a species of Anseriformes (Anas platyrhynchos, Moon et al. 2005) , an order whose ancestors diverged from Neoaves along with those of Galliformes (Hackett et al. 2008) . The four representative species of Anseriformes have been found to have between one and three functional class I loci (Xia et al. 2005; Moon et al. 2005; Liang et al. 2010; Lavretsky et al. 2014) . Orders Gruiformes, Charadriiformes, Carthartiformes, Accipitriformes, and Falconiformes were found to have one, two, or six loci with no evidence of pseudogenes (Jarvi et al. 1999; Alcaide et al. 2009; Cloutier et al. 2011; Gangoso et al. 2012; Buehler et al. 2013) . Along with the identification of pseudogenes, Procellariiformes were found to have at least five loci based upon characterization of the blue petrel MHC class I (Strandh et al. 2011) . Twenty-six species representing 19 of the more than 110 families of the order Passeriformes were found to have reported MHC class I DNA sequences (Supplementary Material, Table S2 ). Passeriformes exhibited the highest number of MHC class I loci, with a range of at least two presumably functional loci in the American robin (Turdus migratorius) to a minimum of 16 in the great tit (Parus major). Pseudogenes were also identified in ten of the 26 Passeriformes species with at least three pseudogene loci estimated in both the zebra finch (Taeniopygia guttata) and the great tit (P. major).
The Bayesian phylogeny of representative avian MHC class I DNA sequences revealed all species clustering according to their order with high posterior probabilities (90-100 %; Fig. 2 ). MHC class I loci of Galliformes (BF1/ IA1 and BF2/IA2) tended to group together by species (C. pictus, T. tetrix, C. japonica, G. gallus) with high posterior probabilities (100 %). The two loci (IA1 and IA2) of the turkey (M. gallopavo), on the other hand, did not group together, but instead IA1 clustered with both T. tetrix loci (posterior probability = 91 %) and IA2 clustered with both C. pictus loci and the single greater prairie chicken (T. cupido) locus (IA) (posterior probability = 100 %; Fig. 2) .
MHC class I sequences from Anseriformes did not group by species, but may have grouped based upon loci. The mallard (A. platyrhynchos) UAA locus (found to be highly expressed; Moon et al. 2005 ) clustered with two bar-headed goose sequences, whereas the mallard UDA (found to have low expression) grouped with UBA (a pseudogene locus) (both with posterior probabilities of 100 %; Fig. 2) .
All Falconiformes sequences, with only one known MHC class I locus per species, tended to group together by species with high Bayesian support. Species grouped into a kestrel species cluster (Falco naumanni and Falco tinnunculus) and a falcon species cluster (Falco peregrines and Falco eleonorae), both with posterior probabilities of 100 %. Accipitriformes sequences, which included two characterized MHC class I loci per species and three species included, formed a monophyletic group with high posterior probability (90 %). MHC class I sequences from orders with only one representative species (i.e., Cathartiformes, Procellariformes, Charadriiformes, and Gruiformes) provided limited phylogenetic information. Results from Bayesian and maximum likelihood analyses were concordant, as reflected by the bootstrap values reported for each of the groups discussed above (Fig. 2) . Phylogenetic results of Passeriformes are shown in Fig. 3 . Of the seven families represented in this phylogeny, only two have MHC class I sequences from more than one species. Only representative sequences of Paridae (great tit P. major, green-backed tit Parus monticolus, and blue tit Cyanistes caeruleus) clustered individually by family with a high posterior probability (100 %) and high maximum likelihood bootstrap support (91 %). Found within the Paridae cluster, the two MHC class I sequences of the green-backed tit were the only single species cluster of MHC class I sequences included in the Passeriformes phylogeny, with high support in the Bayesian and maximum likelihood analyses (posterior probability of 100 and 99 % bootstrap support, respectively). The lark sparrow MHC class I sequences reported in this study did not form a single monophyletic group. However, some sequences clustered together with high posterior probabilities and high bootstrap support. These included the grouping of Chgr003, Chgr012, Chgr014 and Chgr015, and nine of the ten pseudogenes (both with posterior probabilities of 100 % and 100 % bootstrap support). Furthermore, three functional sequences (Chgr017, Chgr018, and Chgr026) clustered independently with pseudogene Chgr034 in both analyses (98 % posterior probability; 79 % bootstrap support). The lark sparrow MHC class I sequence clustering is consistent with the patterns observed in Fig. 1 . Overall, MHC class I sequences did not provide strong support for the monophyletic grouping of sequences by species within the order Passeriformes. Fig. 3 . A Galápagos marine iguana (Amblyrhynchus cristatus) MHC class I DNA sequence was included as the outgroup. Pseudogenes are designated with the Greek letter Psi (W). Nucleotide alignment and GenBank accession numbers for each sequence are provided as Supplementary Material ( Figure S1 and Table S2 )
Discussion
Lark sparrow MHC class I characterization Characterization of MHC class I loci of the lark sparrow indicated increased levels of genetic diversity, evidence of extensive gene duplication, the presence of multiple functional loci, and the presence of pseudogenes. These MHC characteristics are consistent with the majority of other passerine MHC studies, which also reported multiple copies of MHC class I genes and pseudogenes Balakrishnan et al. 2010; Borg et al. 2011; Bollmer et al. 2012; Sepil et al. 2012; Wutzler et al. 2012; Alcaide et al. 2013) . The minimum number of functional loci for the lark sparrow was estimated to be four based upon the number of unique functional sequences (alleles) identified in a single individual (Table 1) . It should be noted, however, that PCR-based characterizations of Figure S2 and Table S2) multigene families in non-model taxa bear the risk of missing some genes due to differences in primer specificity and biased amplification of individual alleles/loci (Burri et al. 2014) . Furthermore, the probability of detecting alleles from multiple loci depends on the number of clones sequenced per individual. Thus, the number of loci for this species may very well be higher, as the estimated number is likely conservative and based upon restricted sampling effort per individual.
The phylogenetic analysis of lark sparrow MHC class I sequences is consistent with evidence indicating the presence of multiple loci, as sequences clustered into at least three groups with high posterior probabilities and bootstrap support (Fig. 1) . However, the presence of highly divergent individual sequences and the potential for the clustering of sequences from different loci (e.g., due to gene conversion) may prevent major inferences in this regard. Other orders of birds did not exhibit the same degree of gene duplication and extent of pseudogenes identified in Passeriformes, although only a limited number of orders were represented. One apparent trend, though, is that an increase in the number of functional MHC class I loci often coincides with the presence of pseudogenes (e.g., Japanese quail, mallard, blue petrel, and Passeriformes; see Supplemental Material, Table S2 ). This trend emphasizes the potential role of gene duplications in the expansion and diversification of gene families and the origin of pseudogenes.
Some cautionary limitations should be considered in drawing conclusions based upon the generalizations made from MHC characterizations. Studies using only DNA sequences constructed from complementary DNA (cDNA) do not allow for the identification of pseudogenes, as in the helmeted Guinea-fowl (Singh et al. 2010 ) and domestic goose (Xia et al. 2005) . Because of their apparent prevalence in the MHC, pseudogenes may be unreported simply due to the goals of some studies; thus, only limited information about their presence may be available. It should moreover be noted that in most studies the minimum number of functional loci may also be underestimated due to the unknown specificity of primers, extent of sampling effort, and the conservative assumption of loci being in a heterozygote state. Likewise, some presumably functional loci based upon partial gene sequences (such as exon 3) may in fact be pseudogenes due to, for example, the presence of mutations in regulatory regions. This has been observed, for instance, for three MHC class loci in the mallard (Moon et al. 2005) . There may also be differences in the degree of expression of each MHC locus (Moon et al. 2005; Shiina et al. 2007 ) and technical issues that may prevent DNA replication of specific alleles. PBR assignment in non-model species also presents some limitation, as assignment of these regions are most often based upon human or chicken data or from predictive models based upon past genetic signatures of selection. Our results revealed that some lark sparrow MHC class I sequences missed a codon predicted to belong to the PBR in other passerine species (Alcaide et al. 2013 ). This codon is also missing in some MHC class I sequences recently characterized in the house sparrow (Follin et al. 2013; Karlsson and Westerdahl 2013) . These studies and our results therefore suggest that MHC class I proteins may have different PBR sites involved in antigen recognition, as demonstrated by the structural analysis of the chicken MHC class I protein (Hee et al. 2010 ). Many of these issues have the potential to be resolved in the future with extensive and detailed characterization of individual species' MHC gene families based on a range of laboratory methods, including whole-genome sequencing (Jarvis et al. 2014) .
The characterization of lark sparrow MHC class I sequences reported in this study revealed evidence of varying selective processes. Differing levels of genetic diversity and divergence between functional and pseudogene MHC sequences in the lark sparrow are indicative of adaptive evolution. Functional sequences revealed elevated levels of genetic diversity and significant divergence among sequences, whereas pseudogenes had both limited genetic variation and low divergence (Fig. 1) . Selection favoring a diverse range of MHC molecules in order to cope with multiple, fast-evolving pathogens would cause functional MHC genes to exhibit increased genetic diversity (Hughes and Nei 1988; Penn et al. 2002) . Furthermore, gene duplication events may further increase diversity through diversification of multiple gene loci (Walsh and Stephan 2001) . Similar results have been reported for most other passerine species, including the great reed warbler , the common yellowthroat (Bollmer et al. 2012) , and the great tit (Sepil et al. 2012) .
The characterization of exon 3 functional sequences also revealed differential effects of selection on structural regions associated with the PBR and non-PBR codons of the MHC class I gene. Although the PBR revealed higher levels of non-synonymous to synonymous substitution rates, the overall ratio of d N /d S was not significantly different from 1, suggesting no positive selection. This result was consistent with the analysis of codon-based signatures of positive selection, which revealed that while specific codons associated with the PBR exhibited d N /d S [ 1, no ratios were statistically greater than neutral. In contrast, the structural regions of the MHC molecule associated with non-PBR codons revealed evidence of negative selection, as d N /d S was significantly smaller than one (Z-test; p = 0.045).
Evidence of positive selection in the peptide binding region of MHC genes has been reported for multiple species. Ye et al. (2012) ], among others. These results are expected, as diverse foreign peptide recognition is advantageous whereas errors in protein structure can render the protein nonfunctional and limit the immunocapabilities of individuals (Hughes and Nei 1988) . A recent study investigating MHC class I diversity within several passerine species found elevated d N /d S ratios of the PBR in comparison to the non-PBR of most species (Alcaide et al. 2013) . However, the degree of differences between the two ratios was variable, revealing the complex nature of selection acting upon the passerine MHC. In fact, other studies have also shown that some species do not necessarily have elevated d N /d S ratios at the PBR, such as those reported for the greater prairie chicken (PBR d N /d S = 1.02; Eimes et al. 2013) . It should be noted, however, that most studies on MHC diversity (including ours) tend to estimate d N /d S ratios by pooling alleles across loci. Therefore, caution should be taken when making inferences about the observed diversity in the MHC and the potential effects of selection on individual loci.
Avian MHC evolution
The limited genetic diversity and divergence of nonfunctional MHC sequences identified in this study are likely due to the neutral evolution of these sequences, especially in comparison to functional sequences. The MHC class I pseudogene characteristics identified in the lark sparrow have also been reported in other passerine species. For example, MHC class I pseudogenes of the great reed warbler ) and the great tit (Sepil et al. 2012 ) also have limited divergence and grouped into a single cluster in similar phylogenetic analyses. However, MHC class I pseudogenes of passerines included in this study generally seemed to cluster by species (Fig. 3) , indicating either post-speciation gene duplications in each of these species or concerted evolution (e.g., due to unequal crossing over or gene conversion) between pseudogene loci (Hess and Edwards 2002; Spurgin et al. 2011) . Furthermore, given the extensive evidence of a high number of pseudogenes in multiple passerine species and the relatively recent, rapid divergence of the Passeriformes order (about 39 million years ago; Jarvis et al. 2014) , these loci seem to be the result of ancestral gene duplication events.
Analyses of MHC class I sequences from species of other avian orders included in this study provide examples of differential selective pressures and other evolutionary processes acting on MHC genes. For example, Galliformes, with its detailed characterizations and minimal essential MHC, revealed evidence of concerted evolution by the tendency of distinct loci to cluster by species (Fig. 2) . The two common loci of galliform species (BF1/IA1 and BF2/ IA2) have similar gene organization across species and are most likely the result of an ancestral gene duplication, yet within a species the two paralogous genes have evolved to be most similar (Shiina et al. 1995; Hess and Edwards 2002) . Similar phylogenetic effects could also be the result of post-speciation gene duplication within each species, but this seems unlikely due to previously established similarities in gene organizations across multiple species (Wang et al. 2012; Eimes et al. 2013) . Phylogenetic results of the Anseriformes MHC class I sequences, on the other hand, may be indicative of divergent evolution of multiple loci. Clustering of the mallard UAA locus with two MHC sequences identified in a bar-headed goose appear to be orthologous. Likewise, grouping of the mallard UDA and pseudogene UBA loci with the remaining bar-headed goose sequence and the only known MHC class I locus in the domestic goose may also be orthologous.
Results from the avian MHC phylogeny are consistent with those reported in a recent study by Alcaide et al. (2013) , who characterized the MHC class I of 16 passerine species. This study also found extensive evidence of positive selection acting upon the PBR codons and, furthermore, found those effects to be strongest within the passerines in comparison to other orders (Alcaide et al. 2013) . The researchers also determined that, based upon nucleotide composition, gene conversion may be having a slightly greater effect on non-passerine species. Overall, the present study, as well as that of Alcaide et al. (2013) , reinforces the need for further studies of non-model avian species in order to reveal a clearer picture of avian MHC evolution.
In summary, the characterization of MHC class I loci of the lark sparrow has revealed evidence of extensive gene duplication events, differential selection upon inferred PBR and non-PBR codons, and high levels of genetic diversity. The phylogenetic analysis of lark sparrow MHC haplotypes and other published avian MHC class I sequences provided insights on the role of gene duplication and the divergence of MHC class I genes into the evolution of avian MHC. This study provides, therefore, the first characterization of MHC class I genes in the lark sparrow and a solid basis for the continued investigation of the evolutionary processes driving MHC evolution in birds.
